ABSTRACT OBJECTIVES This study sought to examine whether the heart rate (HR) at which the force-frequency relationship (FFR) slope peaks (critical HR) could be used to tailor HR response in chronic heart failure (CHF) patients with cardiac pacemakers and whether this favorably influences exercise capacity.
and CRT remain significantly limited (6) .
An important determinant of exercise performance is thought to be LV contractility, which in 1871 was shown to be positively coupled to increments in heart rate (HF) (7) . As HR increases in healthy humans, LV contractility and stroke volume increase simultaneously (8) . Using invasive measurements, we and other investigators have shown that this critical physiological response, described as the force-frequency relationship (FFR), becomes flattened in patients with CHF, with a decline in LV contractility occurring above a certain HR (9, 10) . We hypothesized that by defining an individual's FFR noninvasively (and in particular the peak of this response before the decline in contractility characteristic in CHF), it may be possible to tailor individual pacing algorithms to exploit a patient's unique physiology. Here we show that it is possible to use a noninvasive, reproducible approach to define the peak of the force-frequency curve of patients with CHF with CRT devices in situ and use this information to improve exercise capacity.
METHODS
This paper describes the findings of 1 observational and 1 interventional study. Research Facility, Leeds Teaching Hospitals NHS trust, Leeds, United Kingdom). Patients also had to be taking optimally tolerated medical therapy with no change in medication or other invasive cardiac procedures for at least 3 months. We also enrolled an unselected consecutive group of patients with a standard pacemaker, normal atrioventricular conduction, no evidence of heart failure, and normal echocardiographic findings as a control group.
Information was collected on comorbidities, past medical history, medication, pacemaker settings, and New York Heart Association functional class. All patients gave written informed consent, and the study was approved by the local ethics committee and registered on clinicaltrials.gov (Bowditch Revisited: Defining the Optimum Heart Rate Range in Chronic Heart Failure; NCT02563873). Gierula et al. (16) (17) (18) (19) (20) , which has been validated against invasive methods (15, 19) . In our protocol, we repeated these measures at a series of HR stages (induced by pacing) to allow us to plot the FFR. The slope of this relationship was then calculated as the ratio between SBP/LVESVI change from baseline and HR increase from baseline. We defined the HR at which, in a biphasic pattern, the SBP/LVESVI reached maximum value or that beyond the SBP/LVESVI declined by 5% as the "critical HR." In a negative FFR (in cases where there was no increase in contractility with increments in HR), baseline HR was deemed the critical HR (21) . L a b o r a t o r y a r r a n g e m e n t a n d e x e r c i s e p r o t o c o l .
Subjects recruited to this randomized crossover study were present on 2 (or 3) consecutive occasions at the same time of day 1 week apart. Before each test, the pacemaker was interrogated, and patients were then randomly assigned to the following: rate-adaptive pacing with conventional age-determined settings (22); optimized settings on the basis of the results of their FFR assessment; specifically limiting the rateresponse algorithm to the critical HR; or, for patients agreeing to do a third test, fixed-rate pacing with rate-response settings to "off."
Subjects were exercised using the ramping treadmill protocol (23) . Expired air was collected, and metabolic gas exchange analysis was performed (Ultimo CardO2, Medical Graphics, St. Paul, Minnesota) throughout the test. HR (beats/min), oxygen uptake (VO 2 ) (ml/kg/min), and carbon dioxide output (VCO 2 ) (ml/kg/min) were recorded as 15-s averages.
Anaerobic threshold was calculated using the V-slope method.
The cardiopulmonary exercise test equipment was recalibrated using manufacturer-recommended volume and gas calibration techniques before each test.
All test subjects were encouraged to exercise to exhaustion, and no further motivation or instructions were given. The arrangement of the laboratory to ensure double blinding has been described previously (24) . To maintain blinding, the continuous 12-lead 
SAMPLE SIZE CALCULATION. O b s e r v a t i o n a l s t u d y .
Previous studies exploring contractility in patients with heart failure were able to demonstrate significance using heart failure cohorts of 11 AE 4 subjects and control cohorts of 8 AE 3 subjects (25) . Hence we aimed to recruit at least 12 subjects as our "control" population. Gierula et al.
Force-Frequency Relationship in Chronic Heart Failure with a secondary endpoint of peak oxygen consumption. On the basis of guidelines for pilot studies (26, 27) , and accounting for a dropout rate of 20%, we aimed to recruit 28 patients to achieve 20 participants with complete data.
S t a t i s t i c a l a n a l y s i s . Data were analyzed using the Once a familiarization test has been performed, a peak exercise test is not a training stimulus. We previously performed up to 5 exercise tests in consecutive weeks in patients with CHF and controls, with no longitudinal effects (28) . However, to account for any carryover effects, the interventional crossover study was analyzed using a linear mixed model with a random effect for subject. For each endpoint Y ak (e.g., exercise time) under consideration in the study:
and m is the overall mean, s is the treatment effect, p is the period effect, and l is the carryover effect (which is mathematically identical to an interaction term between treatment and period). This model was estimated using PROC MIXED in SAS, and least squares means were estimated for each of these terms and their differences.
All statistical tests were 2-sided, and any p value <0.05 was called statistically significant. The impaired contractile response (as described by the ratio of systolic blood pressure
[SP] to left ventricular end-systolic volume index [LVESVI] ) to heart rate rise in patients with chronic heart failure compared with control subjects. Values are mean (95% confidence interval).
Gierula et al.
function into the first phase of the study. Baseline clinical, echocardiographic, and pacemaker variables are shown in Table 1 . We were able to establish the 3 key variables of peak contractility, critical HR, and the slope of the relationship between HR and contractility in all patients.
Patients with CHF had lower mean peak contractility, lower mean critical HR, and a lower slope of the relationship between HR and contractility below the critical HR (the FFR) than control subjects ( The greater impairment of peak contractility (as described by the ratio of SP to LVESVI) in response to heart rate rise in patients with more severe left ventricular systolic dysfunction (1-way analysis of variance p < 0.0001). Abbreviations as in Figure 1 . Values are n (%) or mean AE SD.
Abbreviations as in Table 1 . Gierula et al.
observational study. Of these 52 patients, 12 underwent a third test with fixed-rate pacing. Table 3 and Online Table 1 show the exercise variables for conventional and optimized HR rise tests.
Optimized settings were associated with improved exercise time, peak oxygen consumption, oxygen pulse, and lower VET/VCO 2 slope, whereas HR was lower and respiratory exchange ratio was the same despite a small period effect ( Figures 3A to 3D ).
Fixed-rate pacing in 12 unselected patients led to similar exercise times as Strand-guided conventional rate-response pacing (Online Figures 1A to 1C) .
Furthermore, there was no heterogeneity in the benefits of tailored programming between patients with and without diabetes mellitus, those with and without atrial fibrillation, and those with and without ischemic heart disease (Online Tables 2 to 4 ).
DISCUSSION
Our study demonstrates that patients with CHF have an impaired force-frequency curve compared with controls that can easily be assessed using a noninvasive, reproducible echocardiographic method and that peak contractility is related to the baseline cardiac function. We have also shown that using the data from the force-frequency curve in patients with CHF allows us to tailor pacing algorithms targeting the critical HR and leads to a significant improvement in exercise time and peak oxygen consumption.
Rate-adaptive cardiac pacing, whereby HR is increased in response to movement or ventilation detected by internal device sensors, was developed as an attempt to treat exercise intolerance thought to result from chronotropic incompetence (29, 30) . The settings are broadly based on a series of experiments to describe maximal HR and age in healthy adults (31) (32) (33) . Although there are numerous published datasets describing maximal HR changes with aging (34-37), the "Strand formula" (220 À age), which in itself is an extrapolation of data from various sources, remains the most frequently used. However, all datasets are taken from healthy individuals exercising to physiological maximum. In patients without CHF who are receiving standard pacemakers for bradycardia, rate-adaptive programming on the basis of a simple, age-related algorithm is associated with an increase in cardiac output during exercise (38) , and better quality of life (39) (40) (41) , but inconsistent improvements in exercise capacity (42, 43) , compared with fixed-rate pacing.
We have demonstrated that chronotropic incompetence as determined by the standard equation The age of our non-CHF group was similar to that of our CHF group, and some patients were taking angiotensin-converting enzyme inhibitors and betaadrenoceptor antagonists for hypertension. We do not believe that this materially altered our findings.
Our methodology restricted us to patients with pacemaker devices, who may exhibit a different contractile response to increased HRs than patients without a pacemaker device.
We cannot exclude the possibility of systematic differences in the level of motivation or encouragement from the technicians running the tests at different time points. However, we believe that the randomization and double-blind study design will have removed any significant bias. Our blinding procedure has worked well in previous reports (24) .
Although we defined a pre-specified significance level for rejecting hypotheses for the primary endpoint, no multiple testing control was applied to the secondary endpoints. Therefore all results determined on the basis of secondary endpoints should be considered as hypothesis generating.
We used the ramping treadmill protocol to be consistent for all patients, to allow us to compare exercise times rather than just metabolic gas analysis data, and because treadmill-based activity is associated with greater upper body movement required for activation of the rate-response algorithms in pacemakers. We acknowledge that this exercise modality and protocol may not have been ideal for all of our patients, but on balance we doubt that the protocol choice materially altered our results. The early, lowworkload stage allowed even those patients with the greatest limitation in exercise capacity to complete at least the first stage, thereby reducing the bias toward less limited patients.
Our FFR data were collected with patients in the supine position, and the exercise testing on the treadmill was upright. This positioning has the potential to alter loading conditions, which could have an effect on the critical HR. However, upright echocardiography has an adverse effect on image quality and patient comfort (48, 49) . Furthermore, the Bowditch phenomenon as originally described and its mechanism are purported to be loading independent. KEY WORDS exercise capacity, force-frequency relationship, heart failure, heart rate APPENDIX For supplemental tables and a figure, please see the online version of this paper.
